Abstract: Occupational Contact Dermatitis (OCD) is one of the most common work-related diseases. High risk occupations are in health care, hairdressing, food sector and metal industry. OCD tends to become chronic; persistent OCD often results in impaired quality of life and loss of work ability. The purpose of this article is to review the present knowledge on the factors which determine individual susceptibility to acquire OCD. Recent discoveries regarding genes involved in the skin barrier, inflammatory response and biotransformation of xenobiotics provide more insight in the individual susceptibility for OCD. Knowledge of the factors which predispose to OCD is useful in occupational health practice for the application of preventive measures and for career guidance for apprentices and workers in high risk occupations.
Introduction
Occupational contact dermatitis (OCD) is one of the most common work-related illnesses in many developed countries, accounting for up to one third of all occupational diseases [1] [2] [3] [4] [5] . Data on the prevalence of OCD vary from country to country, mainly due to lack of standardised case definitions, diagnostic methods and registration systems 6, 7) . A high prevalence has been documented in specific occupational groups, such as nurses, hairdressers, food processing workers and metal workers [1] [2] [3] [4] [5] .
OCD, which mainly affects the hands, is an inflammatory skin condition caused by skin contact with an exogenous agent. It can broadly be divided into allergic (ACD) and irritant (ICD) contact dermatitis. The differentiation between ICD and ACD is difficult since the clinical and histological features of both diseases share common characteristics 2) .
In the work place, ICD is the more prevalent form accounting for 50-80% of contact dermatitis (CD) 2, 5, 8, 9) although in some sectors such as the construction industry, ACD prevails 10) . ICD is a cutaneous inflammation resulting from a direct cytotoxic effect of a chemical or physical agent without the production of specific antibodies. Depending on the exposure pattern and the irritation potential of a chemical, acute and chronic forms of ICD can occur in the workplace. Acute ICD develops after exposure of the skin to a strong irritant, mostly as a result of an accident at work 2) . Chronic ICD, associated with repetitive skin exposure to irritants, is a consequence of a stepwise progression of the skin barrier damage resulting in an eczematous skin reaction 11) . The most common skin irritants in the work place are wet work, soaps, organic solvents and mechanical hazards such as pressure and friction 9) .
Allergic contact dermatitis (ACD) is a type IV, delayed or cell-mediated, immune reaction which occurs after sensitization to an allergenic compound 12) . ACD develops in two sequential phases: induction and elicitation. In the induction phase, topical exposure to a chemical allergen leads to sensitization of the individual. If the sensitized person is exposed subsequently to the inducing chemical allergen, at the same or different skin site, the cutaneous inflammatory reaction will follow that should be classified clinically as ACD. The sensitization and elicitation processes are mediated by T lymphocytes. The complex interaction of epidermal cytokines and chemokines medi-ates recruitment and activation of dendritic cell precursors and migration of skin dendritic cell to draining lymph nodes 13) . The most common skin allergens in the work place are nickel, rubber chemicals, epoxy resin, potassium chromate, biocides and hair dyes 6, 10) .
Genetic Susceptibility Markers to OCD
Skin exposure is a prerequisite for developing of both ICD and ACD. Skin irritation response is dependent on the irritation potential of the agent, duration of skin contact and the dose of irritant 14) . Similarly, major determinants of both the sensitization and the elicitation of ACD are the nature, extent and duration of skin exposure to the allergen and the potency of the allergen 12) . In addition, there are several lines of evidence that under similar exposure conditions some individuals are more prone to acquire OCD than others. In the following section, the role of host related factors that might modify risk for ICD and ACD will be addressed. The genetic studies are summarised in Tables 1 and 2 .
Genetic factors and ICD
The fact that atopy, which is important in the aetiology of OCD, shows clear clustering within families indicates the presence of a genetic component in the development of OCD. Furthermore, studies in twins recruited from the general population showed a higher risk of selfreported hand eczema in monozygotic twin individuals as compared to dizygotic twin pairs 15, 16) . Since incidence rate ratio was adjusted for the known risk factors such as sex, age, atopic dermatitis, positive patch test and wet work, it might be concluded that also genetic factors other than atopy are relevant for the development of hand eczema 17, 18) .
Studies on genetic susceptibility to OCD are scarce and focus mainly on the variations in the genes involved in the skin barrier function and inflammatory mediators, in particular cytokines.
Recently, several studies have investigated the role of genetic factors that influence the individual susceptibility to ICD by having effects on cytokine production. De Jongh et al. 19) investigated in a case-control study the role of 9 polymorphisms in the individual susceptibility for occupational chronic irritant contact dermatitis; it concerned the genes encoding the production of pro-inflammatory cytokines interleukin (IL)-1α, IL-1β, IL-8, and tumor necrosis factor (TNF-α), and of anti-inflammatory cytokine IL-10. Within the patient group the TNFA-308A variant allele, which is associated with increased TNF-α production, was more prevalent in patients with low exposure. This finding fits according to the authors to the assumption that TNFA-308A increases susceptibility to ICD, which results in the development of ICD at a lower exposure level as compared to the patients with a wild type TNF-α allele. That the TNFA-308A plays a role in the individual susceptibility to ICD, has been demonstrated also in an experimental irritation study showing lower irritation threshold to sodium lauryl sulphate (SLS) and benzalkonium chloride in carriers of the variant TNFA-308A allele 20) .
In addition to TNF-α, de Jongh et al. 19) found a protective effect of the variant IL1A-889T allele towards hand dermatitis in a group consisting of apprentices involved in activities with high risk of skin irritation. Accordingly, the same research group reported that carriers of a variant IL1A-889T allele have a reduced amount of IL-1α in their stratum corneum 21) . It might be speculated that an intrinsic favourable cytokine balance reflected in a high IL-1RA /IL-1α ratio due to the reduced amount of IL-1α might result in a better resistance against skin irritants.
Recent studies investigated the polymorphisms of genes involved in maintaining of the skin barrier function: the filaggrin gene (FLG) (LCE) gene 22, 23) . Both genes are located within the epidermal differentiation complex on chromosome 1q21, a dense cluster of genes involved in the terminal epidermal differentiation and formation of the stratum corneum 24) . Filaggrin is a protein essential for aggregating keratin filaments. Loss-off-function mutations in the FLG gene were recently identified as a major predisposing factor for atopic dermatitis (AD) 25, 26) . The two mutations, R501X and 2282del4, which are common in European Caucasians (7-10%) are carried by 45.7-56%of individuals with moderate-severe atopic dermatitis 25) . Carriers of FLG mutations have a reduced amount of natural moisturizing factor in their stratum corneum and have impaired skin barrier function 27) . In contrast to filaggrin protein, the function of the LCE protein is not clear yet, however a polymorphism in the LCE gene (LCE3B) has recently been shown to predispose for psoriasis, also an inflammatory skin disease 28) .
In the case-control study of de Jongh et al. 23) an odds ratio (OR) of 2 was found for FLG loss-off-function mutations with respect to chronic ICD. Furthermore, in the control group consisting of apprentices involved in activities with high risk of skin irritation, skin abnormalities on the hands before the start of the vocational training were four times more prevalent in the carriers of FLG mutations. Since FLG mutations are a strong risk factor for AD, and AD is a risk factor for ICD, the question arises whether FLG mutations also are an independent risk factor for ICD or only exert effect on ICD via AD. However, the design of the study of de Jongh et al. 22) did not allow for giving an answer on that question. In contrast to FLG, there was no effect of LCE gene polymorphism on the risk for either OCD or AD 22) . Although it still has to be elucidated whether FLG mutations work independently from AD, these findings reveal the importance of the skin barrier in the development of OCD. It would therefore be interesting to study whether other genes involved in skin barrier maintenance play a role in individual susceptibility to OCD. 
Genetic factors and ACD
As stated by Brown and Mclean, definition of a precise phenotype of contact allergy for the purpose of genetic research is difficult. Therefore, some scientists proposed polysensitization (sensitization to three or more unrelated allergens) to contact allergens as a feasible phenomenon for studying effects of genetic polymorphisms on general inflammatory processes in contact allergy. The role of genetic polymorphisms in the susceptibility to polysensitization has been studied for several cytokine genes including TNF-α, IL-1β, IL-1RA, and IL-6. Although not significant, the TNFA-308 variant allele tended to be more prevalent among polysensitized individuals, as compared to the controls. No effects were found for the polymorphisms in the IL-1β, IL-1RA, and IL-6 cytokine genes 29) . The TNFA-308 allele has also been shown to influence the risk for severe generalized dermatitis in workers exposed to trichloroethylene and the risk for sensitization to para-phenyldiamine 30, 31) . Furthermore, Wang et al. 32) reported a higher susceptibility to skin allergy to chromate in cement workers in Taiwan in the carriers of the TNFA-308 allele. A higher risk for polysensitization has also been found for polymorphism in the IL-16 gene (IL-16-295 C/C) 33) . Regarding the role of cytokine gene polymorphisms in the development of ACD it has to be noted that TNF-α and IL-16 likely represent markers for increased skin immune activity in general 34) .
In contrast to ICD, Learback et al. 35) found no association between the FLG mutations and contact allergy, but this likely was caused by a control group with a remarkably high prevalence of FLG mutations. In a cross-sectional study Novak et al. 36) did not find significant associations between FLG mutations (combined genotype) and sensitization against one or more contact allergens. However, they observed a trend toward an association with actual patch test reactions to nickel specifically and a significant association with actual patch reactions to nickel in combination with intolerance to fashion jewellery.
In addition to genes involved in inflammatory processes and skin barrier maintenance, several studies focused on the role of genes encoding metabolic enzymes in individual susceptibility for ACD. Wang et al. 32) reported higher risk of chromate sensitization in the carriers of GST-T1 null genotype. Glutathione-S-transferase (GST) enzymes conjugate hydrophobic and electrophilic compounds and are involved in the prevention of tissue damage by oxidative stress. The polymorphisms in another conjugation enzyme, N-acetyltransferase (NAT) showed to protect for p-phenylendiamine sensitization 37) . The carriers of the wild-type NAT2*4 allele and NAT2*4/4 genotype, coding for rapid acetylation with formation of reactive intermediates in the skin, were more represented in the CD patients as compared to controls. This is in agreement with a study of Schnuch et al. 38) and of Westphal et al. 39) who found increased susceptibility to polysensitization to para-substituted aryl compounds in the carriers of NAT2*4 allele. In a case control study, Brans et al. 40) investigated the association between two polymorphisms (Ala-9Val and Ile58Thr) in the gene encoding manganese superoxide dismutase (MnSOD) and the risk for sensitization to p-phenylendiamine. MnSOD is involved in scavenging of potential harmful oxidizing species and might play a role in the pre-immunological phase during the induction of ACD. The authors concluded from their data that the investigated polymorphisms had no strong impact on the individual susceptibility to develop a sensitization to p-phenylendiamine.
Phenotypic Susceptibility Markers to OCD

Skin barrier condition
To exert an effect, a chemical which is in contact with the skin has to penetrate into the skin. The main barrier of the skin resides in the uppermost skin layer, the stratum corneum (SC). The SC consists of about 10-20 layers of corneocytes, being flattened death keratinocytes, embedded in a lipid-rich intercellular matrix 41) . The skin barrier function has been shown to be dependent on the composition and the structure of the SC and can be impaired due to external insults such as exposure to skin irritants and due to genetic factors. The SC also functions as a biosensor between the environment and the living epidermis. Perturbation of the skin barrier causes release of primary cytokines such as IL-1a, TNF-a and IL-1RA from preformed pools in the corneocytes which subsequently initiates a secondary ctytokine and chemokine cascade aiming at skin barrier repair 42) .
Since skin irritation and sensitization are dependent on the amount of the chemical that penetrates into the skin, the condition of the skin barrier is likely to influence individual susceptibility to CD. To assess skin barrier function, usually the measuring of transepidermal water loss (TEWL) has been used. Several prospective field studies have investigated whether increased TEWL and hence reduced skin barrier modify the risk for OCD (mainly ICD) 14, [43] [44] [45] . The majority of these studies didn't find any association between pre-exposure TEWL value and the incidence of CD, not even when different barrier function parameters were combined. Contrary to these field studies, several experimental studies have reported a close correlation between skin barrier function and irritation effect. In an experimental irritation study (24-h exposure to 1% SLS) de Jongh et al. 46) showed that the skin irritating effect as measured by increase in TEWL and erythema was dependent on the basal TEWL value as well as on the SLS penetration rate. Thus individuals with a more permeable skin barrier had a higher penetration of SLS and a higher irritation response. Furthermore, the thickness of the stratum corneum which is directly related to the penetration of a chemical across the skin was associated with a higher inflammatory response as measured by erythema. In contrast to single exposure, after repeated long-term (i.e. 3-wk exposure) irritation, lesser or no correlation between skin barrier function and irritation effect has been found, which is consistent with the findings from the field studies 14, 47, 48) . One possible explanation for the discrepancy between single and repeated exposure might be accommodation of the skin barrier ("hardening") during repetitive irritation in some individuals 48, 49) . In the study of de Jongh et al. 47) some individuals showed improving of the skin barrier in the third week of exposure to SLS which is in a good agreement with several other studies [50] [51] [52] [53] [54] . The mechanisms of skin hardening are not elucidated yet, however some studies found that skin hardening was associated with the levels of proinflammatory mediators and ceramide 1 expression in the stratum corneum 49) .
Atopic diathesis and ICD
Atopy is commonly defined as a tendency to develop atopic dermatitis, hay fever or asthma and is characterised by a specific IgE-mediated response to common environmental allergens 55) . However, in practice several differing, more or less circumscribed definitions are used, which seriously hamper the comparison of the many studies in this field. For the development of OCD, atopic skin diathesis indicated by previous or present AD is considered as an important predisposing factor [56] [57] [58] [59] [60] [61] [62] [63] . To assess atopic skin diathesis (ASD), a prognostically useful diagnostic score based on the accompanied signs and symptoms of AD has been proposed by Diepgen 64, 65) . In a large population-based registry study performed in Germany, 37% of all cases with an occupational skin disease had ASD (i.e. Diepgen score>10) which was almost two times higher than the prevalence of ASD in the general population 59) . Assuming a prevalence of ASD of 20% in the total population, it has been found that 21.6% of occupational skin diseases may be ascribed to ASD. In the healthcare workers the attributable risk was even higher and amounted to 37.4% 59) . ASD was also closely related to the development of skin problems during vocational training in hairdressing 66, 67) , nursing 63) and food industry apprentices 68) , but not in trainee metal workers 56) . Loffler et al. 69) showed that the risk of atopic health care employees (assessed by Diepgen score) to develop skin changes was especially high in the first 18 months of their training. Later, the atopic skin diathesis was only accompanied by a slight, non-significant increase in risk 69) . Roberts et al. 70) found an approximately two times higher incidence of skin problems in hairdressers with atopy. In that study, atopy was defined as a history of asthma or dermatitis or hayfever. Recently, de Jongh et al. 23) reported that a large proportion (37%) of patients with chronic ICD had present or previous flexural eczema, which is one of the main features of AD. In the control group consisting of apprentices in training for high risk occupations, a history of a self-reported flexural eczema was only present in 20%.
Atopic individuals who develop OCD also have a worse prognosis when compared with non-atopic individuals 71, 72) . In hairdressers, atopic status showed to increase the risk of leaving the profession by up to 20% 66, 73) .
Atopic diathesis and ACD
Higher skin susceptibility of individuals with ASD can at least partly be explained by an impaired skin barrier function in AD, allowing greater penetration of irritants and allergens. Jakasa et al. 74, 75) showed approximately two times higher skin permeability to polyethylene glycols and a model skin irritant, sodium lauryl sulphate (SLS) in visually normal skin of AD patients as compared to controls. Consistently with these studies, de Jongh et al. 46) reported an enhanced permeability to SLS in volunteers with ASD. Furthermore, atopic persons showed higher changes in skin barrier function (TEWL) and skin inflammation (erythema) after exposure to irritants 46, 76) .
In contrast to these studies, Uter et al. 77) did not find increased irritant reaction in patients with a history of AD who routinely underwent diagnostic allergen patch testing.
In contrast to skin irritation, the majority of studies reported that atopy does not appear to increase the risk for type IV, i.e. delayed-type hypersensitivity reactions to occupational exposure, leading to ACD [78] [79] [80] [81] [82] . De Groot 83) reported that atopics were even less likely to be sensitized to common contact allergens than non-atopics.
Respiratory atopy, which is a history of rhinitis or atopic asthma but in absence of AD, does not appear to have such a clear impact on the susceptibility for OCD as AD. Tacke et al. 84) found that the influence of respiratory atopy on OCD varied in different occupations. Respiratory atopy increased for a 4-fold the risk for OCD in bakers but was less important in confectioners or cooks 84) . Smit et al. 63) reported a 3.4-fold increased incidence of hand dermatitis in a cohort of apprentices hairdressers. Higher risk (1.5-fold) for OCD associated with respiratory atopy was also found in nurses 85) . However, the majority of studies have failed to find such associations 55, 57, 68, 86, 87) . Patients with respiratory atopy were found to have a similar barrier function and response to SLS induced irritation compared to healthy control subjects 88) .
Response to skin irritants
Several tests based on the response to experimentally induced irritation have been proposed for the identification of susceptible individuals in the work place 43, 45, 63, 89, 90) . Traditionally, the response to skin irritants has been assessed by measuring TEWL and erythema, and only recently also the levels of pro-and antiinflammatory cytokines in the skin 47, 91) . Irritation response after exposure to SLS or dimethyl sulfoxide (DMSO) failed to predict development of OCD in trainee metal workers, in contrast to the response to NaOH 43, 56) . The combination of the provocation values of DMSO and NaOH and skin moisture had a high sensitivity (94%) but extremely low specificity (24%) 43) . Smith et al. 90) found an association of lower SLS irritant treshold with a positive patch test to nickel in trainee hairdressers. In two volunteer studies, TEWL and erythema were compared after single and 3-wk exposure to SLS 47, 48) . In both studies, the change of TEWL after a single exposure could not predict the change after repeated exposure. In contrast to TEWL, erythema did show correlation between the scores after single and repeated exposure, however the association does not give sufficient predictive power to allow reliable screening of individuals for susceptibility to OCD. The authors speculated that the accommodation of the skin (so called skin hardening) that occurs in the course of 3-wk irritation might, at least partly, be responsible for the absence of the correlation between acute and repeated exposure.
In the study of de Jongh et al. 47) also the levels of several cytokines have been measured in the SC including IL-1α, IL-1RA, IL-8 and IL-10.
Of investigated cytokines, only the baseline levels of IL-1RA were associated with the irritation effect after 3 wk, individuals with a higher baseline IL-1RA values had unexpectedly a stronger response to skin irritation.
Polysensitization
Although there is no generally accepted definition, polysensitization refers to existence of multiple allergies in an individual 34, 92) . Based on experimental and clinical findings, it has been reported that polysensitized patients are more easily sensitized to a further allergen, and that they exhibit a stronger reaction after elicitation 93) . More studies are needed to gain more insight in whether polysensitization can be used as a parameter of increased susceptibility to contact allergy and development of OCD in the work place.
Discussion
Regarding genetic susceptibility factors the most important recent development is the well-established evidence that FLG loss-of-function mutations increase the risk for ICD and for Ni sensitization, which reveals the importance of the skin barrier in the development of OCD. No influence of FLG on sensitization to other allergens has been demonstrated yet. It still has to be elucidated whether FLG mutations work independently from AD and also whether other genes involved in skin barrier maintenance influence individual susceptibility to OCD.
Among the inflammatory genes, there appears to be an enhancing effect of TNF-A308 mutations on susceptibility to both ICD and ACD. Less evidence is available regarding the protective effect of the IL-1A-889T mutation towards ICD and of the precipitating effect of the variant IL-16-295 C/C towards ACD.
As for the polymorphisms in the genes encoding for metabolic enzymes, the mechanism ('scavenging') that influences the risk, demonstrated for ACD, is evident.
Regarding phenotypic susceptibility factors, skin atopic diathesis remains the most relevant predisposing factor for ICD. Skin barrier quality and erythema after single experimental irritation are known to predict skin irritation after repeated exposure; still no predictive value was found in the majority of cohort studies in workers engaged in high risk occupations. A possible explanation might be accommodation (e.g. hardening) of the skin that occurs in some individuals during repetitive exposure to irritanting factors. This phenomenon should be elucidated in further studies.
In conclusion, the genes encoding for FLG, TNFA and IL-1A are the more promising genetic markers of individual susceptibility to OCD. With odds-ratio's of about 2-4, their predictive value for the appearance of OCD however is too low for reasonable selection of susceptible individuals in occupational health practice; still with due reservation they may be used for career guidance of apprentices and workers in high risk occupations.
